Cells that migrate through small, rigid pores and that have normal levels of the nuclear structure protein lamin-A exhibit an increase in DNA damage, which is also observed with lamin-A depletion in diseases such as cancer and with many lamin-A mutations. Here we show nuclear envelope rupture is a shared feature that increases in standard culture after lamin-A knockdown, which causes nuclear loss of multiple DNA repair factors and increased DNA damage. Some repair factors are merely mis-localized to cytoplasm whereas others are partially depleted unless rescued by lamin-A expression. Compared to standard cultures on rigid glass coverslips, the growth of lamin-A low cells on soft matrix relaxes cytoskeletal stress on the nucleus, suppresses the mis-localization of DNA repair factors, and minimizes DNA damage nearly to wildtype levels. Conversely, constricted migration of the lamin-A low cells causes abnormally high levels of DNA damage, consistent with sustained loss of repair factors. The findings add insight into why monogenic progeroid syndromes that often associate with increased DNA damage and predominantly impact cells in stiff tissues result from mutations only in lamin-A or DNA repair factors.
Introduction
A recent report of migration-induced DNA damage based on loss of multiple repair factor(s) 10 seems similar in mechanism to disparate studies of lamin-A null and mutant fibroblasts in standard culture 7, 5 . For cultures of at least one mutant, repetitive rupture of the nuclear envelope (NE) in cells cultured on rigid surfaces can be minimized by soft, tissue-like substrates that reduce nuclear stress 19 , and the rupture causes cytoplasmic mis-localization of at least a few mobile nuclear factors 5 . Mis-localization after rupture should in principle include many mobile DNA repair factors 9 , but these have not been imaged after lamin-A mutation or depletion 5, 7, 19 . In particular, the mobile repair factor 53BP1 might be expected to be more cytoplasmic after rupture, which could explain its rapid degradation in lamin-A null fibroblasts (in the absence of any transcript change) as well as the observation that overexpression of 53BP1 can rescue irradiation-induced DNA damage in lamin-A low cells 7 . Loss of 53BP1 does occur early across many human cancers of different tissue and cell types, but its loss decouples from the appearance of the DNA damage marker For other repair factors that regulate chromosome copy number variations -including BRCA's that explain genomic aberrations in osteosarcoma 12 , mis-localization after constricted migration 10 could explain some of the genomic variation that results from migration of U2OS cells through rigid 3 µm pores more so than 8 µm pores 10 . The fact that lamin-A is highly mutated but does not increase the risk for cancer (unlike mutations in repair factors such as BRCA's) further implicates other important mechanisms unrelated to rupture, such as squeezing-dependent segregation of repair factors away from chromatin 11 . Furthermore, while an EMT-like change in cancer cell phenotype after constricted migration 10 has illustrated invasion-mutation mechanisms pertinent to metastasis and to the heterogeneity within and between tumors 6 , mechanistic links
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Additional motivation for studying Lamin-A and repair factor dynamics is provided by the Genomic alterations, DNA damage, aging and cancer are thus strongly linked, and mislocalization of repair factors during NE rupture could contribute. Our principle hypothesis here is that nuclear stress can cause NE rupture leading to repair factor loss and DNA damage in low lamin-A cells in conventional 2D cultures on rigid substrates, with similar mechanisms for a large DNA damage increase in lamin-A low cells that have squeezed through small 3D pores.
Results and Discussion
Mis-localization of 53BP1 in constricted migration and also in cells on rigid glass U2OS osteosarcoma cells from the stiff matrix of bones express high levels of lamin-A, relative to cells from softer tissue 8 , but U2OS cells can still squeeze through a rigid transwell filter with 3-μm pores even in the absence of any serum gradient 9, 10 . During this constricted migration, the nucleus
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Page 4 of 17 is under sufficiently high stress to rupture lamin-B and the NE with release of mobile nuclear factors including DNA repair factors Ku80 and BRCA1 9,10 ( Fig 1A) ; and 53BP1 is one more repair factor that exhibits a decreased Nuc/Cyto intensity ratio after migration (Fig 1B,C) . Increased DNA breaks after pore migration are evident as damage foci of γH2AX that are randomly distributed within the nucleoplasm (Fig 1B) , consistent with the distribution of foci after partial knockdown of DNA repair factors Ku80 and BRCA1 in 2D cultures of U2OS cells 10 .
The change in 53BP1 Nuc/Cyto ratio is assessed at the single cell level with an antibody against endogenous 53BP1 that gives a linear increase in 'red' fluorescence in cells expressing increasing levels of green GFP-53BP1 (Fig 1D) . 53BP1 is a repair factor with specific roles in DNA repair 2 , that could explain why it does not always co-localize with γH2AX (eg. apoptosis or mitosis: Fig 1E) , but the pertinent observation here is that this nuclear factor mis-localizes after constricted migration.
The nucleus of a cell that is well-spread on 2D rigid glass is also under moderate stress as exerted by the cytoskeleton 1, 18 . Nuclear rupture can be occasionally observed and exhibits at least some features in common with pore migration: an extruded bleb of chromatin forms followed by evident rupture with loss of a mobile repair factor such as GFP-53BP1 (Fig 1F) . A very large increase in total cytoplasmic signal is accompanied by a modest decrease in total nuclear signal (Fig 1F, plots) . Well-spread U2OS cells have the expected abundance of stress fibers (Fig 1G) that can apply high forces to a rigid substrate and to thereby sculpt nuclear shape (Fig 1H) 1,18
.
The low fraction of wildtype cells that rupture during such a movie (<10%) is much lower than after constricted migration, consistent with much higher nuclear stress in migration and also consistent with observations of wildtype fibroblasts in studies of lamin-A mutations and deficiencies 7, 5 . However, lamin-A defective cells show 5-10 fold more frequent nuclear rupture than wildtype cells with rupture occurring every 30 min in lamin-A nulls 5, 19 . could not be achieved in the U2OS line, which hints at the potential importance of nuclear integrity.
Indeed, A549 knockdown cells -with ~30% of lamin-A relative to control cells -have been shown in micropipette aspiration to have decreased nuclear stiffness and to undergo nuclear rupture at much lower stress 9 . The nucleus of A549 cells is also more spread and flattened in cultures on stiff gels than on soft gels 1, 18 , consistent with stiffness-driven nuclear stress. Importantly, the mobile nucleoplasmic repair factor Ku80 is prominent in the cytoplasm of ~10 fold more cells in knockdown cultures than controls (Fig 2A,B) . Antibody specificity for immunofluorescence is validated by a decreased signal after partial knockdown with si-Ku80 (Fig 2B, small bargraph) and previously by a linear increase in signal with GFP-Ku80 expression 10 .
For rescue of the knockdown phenotype, both wildtype Lamin-A and a lamina-stabilizing, non-phosphorylatable construct S22A were tested as they are known to exert similar effects on mechanosensing in the A549 cells 1, 18 . Expression of both constructs dramatically decrease the fraction of cells with cytoplasmic Ku80 to control levels ( Fig 2B) and thereby increase the Nuc/Cyto ratio without affecting total Ku80 intensities ( Fig. 2C) . Both 53BP1 and BRCA1 also show decreased Nuc/Cyto ratios in knockdown cells while also exhibiting decreased total intensities (Fig 2C) . The constant overall level of Ku80 makes it a better marker of mis-localization, but the results for all three repair factors prove consistent with NE rupture and prompted a more direct visualization of the nuclear lamina.
As suggested by Fig 1H and by past studies of wildtype cells cultured on rigid substrates 7, 5 or in constricted migration 10 , lamina-disrupted blebs can form in wildtype nuclei, but only ~1-2%
Page 6 of 17 of A549 Ctrl cells exhibit such blebs (Fig 2D) . In the cells with partial knockdown of lamin-A, lamina disruption is evident at the nuclear rim with a strong decrease in lamin B coincident with a strong increase in the residual Lamin-A (Fig 2D, E) . The nuclear rim is where strain in the lamina is estimated to be greatest in strongly spread cells 1 . Wrinkles or folds are also evident in the NE, but folds are distinct in being enriched in both types of lamins. Based on the anti-correlated signature for NE rupture, about 10-fold more knockdown cells exhibit lamina disruptions or blebs versus control cells (Fig 2F) . The fold difference is consistent with the increased fraction of cells exhibiting mis-localization of repair factor ( Fig 2B) .
Repair factor levels selectively affected by lamin-A have different effects on DNA damage
Loss of a large fraction of BRCA1 and 53BP1 has been reported for lamin-A null fibroblasts in standard cultures that nonetheless maintain normal levels of Ku80 16 . Partial depletion of lamin-A has similar effects with A549 cells: immunoblots show 53BP1 is partially lost in shLMNA cells and is rescued in clones expressing wildtype and S22A lamin-A (Fig 3A) , whereas Ku80 is unaffected (Fig 3B) . BRCA1 is also partially lost from the shLMNA cells (Fig 3C) , and since past studies showed BRCA1 message is decreased in level upon Lamin-A depletion (unlike 53BP1) 4 , BRCA1 message was directly knocked down in wildtype cells to assess an effect on Ku80 protein levels -which do not change (Fig 3D) . ChIP-Seq has shown BRCA1 protein binds the promoter regions of many genes 14 , as does the SRF transcription factor that decreases in Lamin-A knockdown cells 1 ; both BRCA1 and SRF bind the promoter region of BRCA1 (Fig 3E) but not that of Ku80 (XRCC5 gene). Further studies of mechanism are of course required, but the results are consistent with past studies and immunofluorescence here (Fig 2C) in documenting the selective loss of DNA repair factors.
Functional effects of altered levels of DNA repair factors on DNA damage were assessed in terms of basal counts of γH2AX foci. Transfection of U2OS cells with GFP-53BP1 does not reproducibly indicate a significant effect on γH2AX foci counts (Fig 3F) , with similar experiments on A549 cells causing cell death. Transfection of U2OS cells with si-BRCA1, however, did increase γH2AX foci counts and also showed no effect on nuclear envelope rupture based on Ku80 localization (Fig 3G) . Importantly, the nucleoplasmic distribution of γH2AX foci after constricted migration is also evident after BRCA1 knockdown; in neither case is there an obvious localization of large or numerous foci near the nuclear edge where rupture might have occurred (Fig 1F, 2D) . The increase in DNA damage with BRCA1 knockdown is therefore attributable to a decrease in the level of this mobile repair factor that diffuses to dispersed sites of damage (eg.
sites of damaged synthesis 2 ). The results further indicate that at least this one effector which is downstream of rupture does not propagate back upstream.
DNA damage after lamin-A knockdown is rescued by soft matrix, which decreases rupture
Depletion of repair factors by either siRNAs or rupture has been linked to increased DNA damage 10 . Likewise, the shLMNA cells here exhibit more γH2AX foci than Ctrl cells under standard conditions of culture on rigid plastic (Fig 4A) , and once again the γH2AX foci are distributed in the nucleoplasm rather than appearing concentrated at the nuclear envelope.
Moreover, DNA damage in shLMNA cells can be rescued by expression of either the wildtype Lamin-A or the S22A stable form of Lamin-A (Fig 4A) . The result is consistent with rescue of both the rupture-induced mis-localization of repair factors and their depletion (Fig 2B, 3A) .
Soft gels are a better mimic of soft tissues 18 and reportedly decrease nuclear rupture frequency of a Lamin-A progeroid fibroblast line compared to growth on stiff gels 19 . However, previous studies with gels do not seem to have examined a simple knockdown of Lamin-A nor any effect on repair factors. Mis-localization of Ku80 into the cytoplasm of Lamin-A knockdown cells is indeed reduced 5-10 fold in cells grown on soft gel substrates compared to knockdown cells on both stiff gels and conventional rigid glass coverslips (Fig 4B) . Crucially, γH2AX foci counts also decrease 5-10 fold for knockdown cells on soft gels (Fig 4B) . Control cells with normal levels of Lamin-A show lower overall levels of mis-localization and DNA damage in cells
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Cells on stiff gels spread well and maintain an abundance of long stress fibers compared to cells on soft gels (Fig 4C) . Such spreading stresses the nucleus and tends to increase its projected area in both A549 cells and human MSCs
18
; the A549 cells with knockdown of Lamin-A likewise show a reduction in nuclear area on soft gels (Fig 4D) . Importantly, BRCA1 and 53BP1 protein levels in Lamin-A knockdown cells remain constant over the 48 hours of culture on soft and stiff matrix. Increased DNA damage in cells on rigid substrates relative to soft substrates ( Fig   4B) is therefore consistent with repair factor mis-localization after rupture of a highly stressed nucleus.
Lamin-A depletion increases DNA damage before and after constricted migration
Constricted migration causes nuclear rupture with mis-localization of repair factors (53BP1 in Fig.1B,C ; and Ku80 and BRCA1 in recent studies 9, 10 ) and increased DNA damage ( Fig.1B; ibid) , while 2D cultures on rigid substrates of Lamin-A knockdown cells cause similar effects (Fig 4B) with eventual (>> 48 hrs), permanent loss of at least some repair factors -particularly BRCA1 (Fig 2C, 3C ). Lamin-A knockdown cells indeed show more nuclear blebs than Ctrl cells before migration through a rigid transwell filter with 3 µm pores (Fig 5A) and also exhibit more DNA damage (Fig 5B) . However, nearly all cells of either type show long-lived blebs after the 24 hrs of migration (Fig 5A) , which suggests that migration induced rupture is not a distinctive aspect of mechanism. DNA damage is nonetheless much higher for Lamin-A knockdown cells after migration, and γH2AX once again exhibits a nucleoplasmic distribution rather than any evident enrichment at a bleb or near the NE (Fig 5B) . Low levels of BRCA1 (and BRCA2) are known to slow the exponential decay by many hours in γH2AX-marked damage that spikes after a brief pulse of ionizing radiation 20 . Constricted migration is thus a similar perturbation that occurs over
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Despite many similarities between nuclear rupture of lamin-A compromised cells grown on rigid substrates and wildtype cells in constricted migration, there are clearly some differences that extend beyond stable changes in repair factors such as 53BP1 and BRCA1 (Fig 3) . For example, constricted migration causes most cells to exhibit long lived nuclear blebs that are more transient and less frequent for lamin-A defective cells (Fig 2F; and past work 7, 5 ). Cells that migrate to the sparse but rigid bottom of a transwell will spread and flatten the nucleus (Fig 5C) , thereby stressing the nuclear lamina. Perhaps the lamina rupture that occurs only with small pores 8,10 is then stressed sufficiently to delay lamina remodeling and repair. Such issues highlight the need to more deeply understand the effects of microenvironment on nuclear stress and mechanosensing 18 .
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Materials and methods

Cell culture
U2OS -human osteosarcoma cell line and A549 -human lung carcinoma cell line, were cultured in DMEM high glucose media and F12 media (Gibco, Life Technologies) respectively, supplemented with 10% FBS and 1% penicillin/streptomycin (SigmaAldrich) under 37 o C and 5% CO2 as recommended by ATCC.
Transwell migration
Cells were seeded at 300,000 cells/cm 2 onto the top side of the Transwell membrane (Corning) and allowed them to migrate in normal culture condition with serum for 24 hours.
To isolate the cells from the membrane, cells were detached from the membrane by using 0.05% Trypsin-EDTA (Gibco, Life Technologies).
If the isolated cells were to undergo another transwell migration, they were expanded for a week to reach the required number of cells.
Immunostaining and imaging
Cells were fixed in 4% formaldehyde (Sigma) for 15 minutes, followed by permeabilization by 0.25% Triton-X (Sigma) for 10 minutes, blocked by 5% BSA (Sigma) and overnight Various image quantification and processing were done with ImageJ.
Synthesis of soft and stiff polyacrylamide gels
Round glass coverslips (18mm, Fisher Scientific) were cleaned in boiling ethanol and 
Protein modulation in U2OS cells
All siRNAs used in this study were purchased from Dharmacon. U2OS cells were passaged 24 hours prior to transfection. A complex of siRNA pool [25 nM siLMNA, siCtrl]
and 1 µg/mL Lipofectamine 2000 was prepared according to the manufacturer's instructions and incubated for 24 hours in high corresponding media with 10% FBS.
Knockdown efficiency was determined by Western blot following standard methods.
Viral transduction
In order to establish an A549 shLaminA line, lenti-vector was added together with 8 µg/mL polybrene (Milipore) and 200 µL of full culture media for 2 days. The knockdown level was confirmed by Western blot following standard methods
Statistical analysis
A 'two-tailed' Student's t-test was used to calculate the statistical significance of the observed differences. Microsoft Excel 2013 was used for the calculations. In all cases, differences were considered statistically significant when P<0.05. Unless otherwise indicated, values represent mean±s.e.m. (E) Cells during apoptosis shows cytoplasmic 53BP1, and bright γH2AX co-localized with DNA.
Figure legends
Cells during mitosis show cytoplasmic 53BP1 as well but no bright γH2AX is seen.
(F) U2OS cells on rigid glass show occasional rupture loss of GFP-53BP1 within 1hr. NE rupture causes nuclear depletion of 53BP1, consistent with drop of Nuc/Cyto 53BP1 intensity ratio.
(G) U2OS cells have many long stress fibers.
(H) Schematics illustrate nuclear bleb formation and rupture on rigid glass. 
